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Abstract Unexpected turbulence, especially in the upper troposphere and lower
stratosphere where cabin crews and passengers in cruising aircraft are likely to be
unbuckled, causes in-flight injuries, structural damage, and flight delays. Therefore,
turbulence information can be used to improve safety while pursuing efficiency in
the air-traffic management (ATM). In this chapter, an optimal flight path that
minimizes both total flight time (e.g., fuel consumption) and potential encounters
of turbulence from departure to arrival airports is derived by combining simple
modeling of aircraft flight trajectories with wind and turbulence predictions. In
addition, probabilistic ensemble turbulence forecasts, evaluated against in situ eddy
dissipation rate turbulence observations from commercial aircraft, are applied to
suggest an optimal strategic and tactical ATM route planning for given weather and
turbulence conditions in the USA. The variations of long-haul transoceanic flight
routes and their turbulence potentials are also investigated using global reanalysis
data to understand how the upper-level large-scale flow patterns can affect the long-
term ATM planning through the changes of winds and turbulence conditions.
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24.1 Introduction
This chapter addresses how turbulence information can be used to improve safety 
while pursuing improved efficiency in air-traffic management (ATM) operations. In 
ATM applications, turbulence predictions need to be useful for tactical (0–2-h lead 
time; also known as nowcasting), strategic (2–8-h lead time; midterm forecasting), 
and long-term (>8 h lead time) flight planning based on different user demands. 
The tactical plan is usually necessary when an aircraft is flying along its planned 
route and needs to make a near-term decision to mitigate potential turbu-lence 
encounters ahead. The strategic plan is required to create a weather-related flight 
plan before departure using a midterm forecast. The long-term plan may be 
necessary for longer flights, such as trans-oceanic or trans-continent flights, since 
the optimal route minimizing both fuel consumption (i.e., total flight time) and 
turbulence potential depends on the large-scale flow patterns, particularly upper-
level jet position and strength.
Several researchers have developed strategies for determining optimal flight 
paths using wind information, called wind-optimal routes (WORs), for the ATM. 
Ng et al. (2012) developed WORs that minimized total fuel burned by computing 
minimum-time routes in the presence of winds on multiple flight levels. Palopo et 
al. (2010) conducted a simulation of WORs and the impact on sector loading, 
conflicts, and airport arrival rates. And Jardin and Bryson (2012) computed 
minimum-time flight trajectories using analytical neighboring WOR in the presence 
of a strong jet stream with winds of up to 80 m s!1. However, these studies did not 
include turbulence information.
Prior research shows pilots seek to avoid areas of turbulence, and the impact of 
these avoidance maneuvers on ATM has been well documented. Krozel et al. 
(2011) studied the maneuvers pilots made when encountering clear-air turbulence 
(CAT) and showed that the pilot’s response to CAT depended on factors such as 
aircraft type and company policies. Furthermore, since research shows two-thirds of 
all severe CAT occurs near the jet stream (Lester 1994), ignoring CAT near a jet 
stream to achieve minimum-time routes may result in fuel savings that cannot be 
fully realized due to a pilot’s unwillingness to traverse turbulent areas to reach the 
maximum tail winds. Turbulence information can also aid in the devel-opment of 
routes around convective systems. Ng et al. (2009) calculated convective weather 
avoidance routes considering the probability of pilot deviation using model-based 
radar data. The model used by them and others, the Convective Weather Avoidance 
Model (CWAM), uses ground-based radar information to determine areas pilots 
will likely avoid (Delaura and Evans 2006). CWAM is currently used by NASA’s 
Dynamic Weather Routing tool to create in-flight routing around convective 
weather and has been evaluated in field studies in collaboration with American 
Airlines (McNally et al. 2012). Such a model, how-ever, can miss regions of 
convectively induced turbulence (CIT) outside of con-vective clouds.
The following sections describe the modeling of aircraft trajectories and appli-
cation of turbulence information for tactical, strategic, and long-term flight plans. 
Section 24.2 describes optimization of flight routes in the presence of wind by 
minimizing the cost function. In Sect. 24.3, examples of strategic and tactical flight 
plans that minimize both total flight time and potential turbulence encounters for a 
specific day over the contiguous USA (CONUS), calculated from the ensemble of 
numerical weather prediction (NWP) model outputs and turbulence diagnostics, are 
presented. Deviations of long-haul trans-Atlantic flight trajectories and turbulence 
potentials estimated from the global reanalysis data over the Atlantic Ocean are 
investigated during two winter seasons that have distinct upper-level weather 
patterns in Sect. 24.4. Summary and conclusions are discussed in Sect. 24.5.
24.2 Modeling of Aircraft Trajectory
When an aircraft is flying horizontally above the Earth’s surface with a true
airspeed (Vt) and heading angle (α) during a certain period of time (Δt), as shown in 
Fig. 24.1, the longitudinal (λ) and latitudinal (ϕ) position changes of the aircraft 
with the time in the presence of horizontal winds are governed by the following 
aircraft-motion equations (e.g., Sridhar et al. 2010; Hok et al. 2011; Ng et al. 2011; 
Kim et al. 2015):
dλ tð Þ
dt
¼ Vt cos α tð Þ þ u λ, ϕ, zð Þ
R cos ϕ tð Þ ; ð24:1Þ
dϕ tð Þ
dt
¼ Vt sin α tð Þ þ v λ,ϕ, zð Þ
R
: ð24:2Þ
Here, R is the Earth’s radius (the Earth is assumed to be a sphere), z is height
above the surface and R& z, and u and v are the zonal and meridional wind
components, respectively. In this literature, it is assumed that Vt is a constant of
250 m s!1 once the heading angle (α) is chosen at a given time step.
Fig. 24.1 Schematic figure
for an aircraft flying
horizontally on an Earth’s
surface with a true airspeed
(Vt) and heading angle (α)
during a certain period of
time (Δt). Here, λ and ϕ are
longitudinal and latitudinal
directions, respectively
24.2.1 Great Circle Route in the Presence of Winds
To determine the aircraft heading angle (α) at each time step from the departure to 
the arrival airport in Eqs. (24.1) and (24.2), it is assumed the aircraft follows a great 
circle route (GCR), which represents the shortest distance between two points on a 
sphere. In this case, the heading angle between the aircraft position at a given time 
and the destination is expressed as
α tð Þ ¼ π=2
! tan !1 sin λf ! λt
! "
cosϕf , cosϕt sinϕf ! sinϕt cosϕf cos λf ! λt
! "# $
:
ð24:3Þ
Here the subscripts t and f denote values at a given time step and the final 
destination. Note the angle has been converted from the forward azimuth (clockwise 
from North) to the counterclockwise from East as shown in Fig. 24.1. Starting from
the departure airport location, we solve the Eqs. (24.1) and (24.2) using an explicit
Euler forward integration scheme, y tþ 1ð Þ ¼ y tð Þ þ Δt dy tð Þdt , wherey ¼ λandϕ
h i
,
J ¼
using the updated information of the great circle heading angle calculated by 
Eq. (24.3) at each time step. This leads to the GCR trajectory with winds. Note 
that this trajectory is not the minimum-time path from departure to arrival, because at 
each time step determination of the great circle heading angle (Eq. 24.3) is indepen-
dent of the wind. An example will be discussed in Sect. 24.3.
24.2.2 Wind-Optimal Route
In order to maximize the advantage of a tail wind and/or minimize the disadvantage 
of a head wind in the modeling of an aircraft trajectory, we need to take into 
account wind variations in the calculation of the heading angle (α) at each time step, 
which eventually minimizes the total travel time from departure to destination. The 
minimum-time path in the presence of wind [i.e., wind-optimal route (WOR)] can 
be obtained by applying Pontryagin’s minimum principle (Bryson and Ho 1975) to 
determine the analytic solution for the control parameter (here, the heading angle of 
a cruising aircraft, α) that minimizes the cost function (J ) defined byðtf
t0
Ct dt: ð24:4Þ
Here, Ct is the cost coefficient of travel time, and t0 and tf are the times at 
departure and arrival airports, respectively. The analytic solution for the control 
parameter of heading angle (α) that takes into account the variations of the winds 
and minimizes the cost function in Eq. (24.4) is
dα tð Þ
dt
¼ ! Fwind tð Þ
Ct R cosϕ tð Þ , where
Fwind tð Þ ¼ ! sin α tð Þ cos α tð Þ∂u λ,ϕ, zð Þ∂λ þ cos
2α tð Þ sin ϕ tð Þu λ,ϕ, zð Þ
þ cos 2α tð Þ cos ϕ tð Þ∂u λ,ϕ, zð Þ
∂ϕ
! ∂v λ,ϕ, zð Þ
∂λ
þ sin α tð Þ cos α tð Þ sin ϕ tð Þv λ,ϕ, zð Þ
þ cos α tð Þ sin α tð Þ cos ϕ tð Þ∂v λ,ϕ, zð Þ
∂ϕ
þ Vt cos α tð Þ sin ϕ tð Þ
þ cos 2α tð Þ ∂v λ,ϕ, zð Þ
∂λ
: ð24:5Þ
A full derivation of the analytic solution in Eq. (24.5) can be found in previous 
studies (e.g., Sridhar et al. 2010; Hok et al. 2011; Kim et al. 2015). Next, a shooting
method is used to find the optimal initial condition (i.e., heading angle). First, the
great circle heading angle (αGC) between the departure and arrival airports, calcu-
lated by Eq. (24.3), is used as the first guess for the initial heading angle [α(t0)]. 
Then, Eqs. (24.1), (24.2), and (24.5) are solved using the explicit Euler forward
integration scheme from the departure to the destination. Here, there are two 
termination conditions for the WOR modeling: (1) the minimum distance between 
the trajectory and final destination is smaller than 100 km or (2) the distance
between the trajectory and initial departure is greater than 1.2' total great circle 
distance between the departure and arrival destination. This process is iterated with
different initial heading angles [α(t0)] between the boundaries of αGC + 90( and
αGC ! 90(, using an increment of 0.25(. Then, we pick up the candidate trajectories 
that satisfy the termination condition of (1) the minimum distance. Finally, among
these, the one trajectory that arrives at the destination faster than the others is 
chosen as the WOR.
Figure 24.2 shows an example of the WOR for eastbound (WOREB) and
westbound (WORWB) at 250 hPa level (about z ¼ 11 km) between the John
F. Kennedy International Airport (JFK) in New York, USA, and London Heathrow
International Airport (LHR) in London, UK, for 18 UTC, 3 January 2005. In this
example, the time step (Δt) ¼ 180 s (3 min) and Ct ¼ 1 in Eq. (24.5). WOREB (gray 
lines in Fig. 24.2 upper left) and WORWB (gray lines in Fig. 24.2 upper right)
trajectories reach different regions according to the initial heading angles selected
[α(t0)] in a given wind situation, which corresponds the minimum distance between 
each trajectory and the destination (Fig. 24.2 lower). The fastest one to the desti-
nation has been picked up as the WOREB (bold black line in Fig. 24.2 upper left)
and WORWB (bold black line in Fig. 24.2 upper right) for this wind condition. In 
this case, the WOREB keeps following the strong westerly and southwesterly jet 
over North Atlantic Ocean to maximize its tail wind (Fig. 24.2 upper left), while the
Fig. 24.2 (Upper) Trajectories (gray lines) for the eastbound (left) and westbound (right) wind-
optimal route (WOR) between John F. Kennedy International Airport (JFK) and London Heathrow 
International Airport (LHR) with 360 different initial heading angles from the great circle heading
angle (αGC) !90( to αGC +90( with 0.25( bins in the presence of wind at 18 UTC, 3 January 2005, 
and (lower) the corresponding minimum distance between the trajectories and destination airport.
Reference wind vectors on bottom right in upper panel are 50 m s!1. The optimal flight routes for 
eastbound and westbound having the minimum time and distance are depicted as the black lines in 
upper-left and upper-right plots
WORWB detours northward near the Southern tip of Greenland to avoid the 
prevailing westerly jet flow and minimize head winds.
24.2.3 Lateral Turbulence Avoidance Route
The lateral turbulence avoidance route (LTAR) can be determined by following the
same approach for the optimization of the WOR in the previous section, but with a
different minimization cost function (J):
J ¼
ðtf
t0
Ct þ Cr r λ,ϕ, zð Þf gdt: ð24:6Þ
Here, Ct and Cr are the cost coefficients of travel time and turbulence penalty
areas along the LTAR, respectively. In this study, r(λ,ϕ, z) is nonzero (¼1) only
when the turbulence potential is at or above a chosen threshold. For example, in
locations where the probabilistic ensemble turbulence forecast for severe turbu-
lence is greater than 10 %, or the forecasted eddy dissipation rate (EDR) value is
greater than 0.4 m2/3 s!1, r(λ,ϕ, z)¼ 1; elsewhere r(λ,ϕ, z)¼ 0. Then, the analytic
solution for the heading angle taking into account winds and turbulence becomes
dα tð Þ
dt
¼ ! Fwind tð Þ þ Fturb tð Þf g
R cos ϕ tð Þ Ct þ Cr r λ,ϕ, zð Þf g , where
Fturb tð Þ ¼ ! sin α tð Þ cos α tð Þ sinϕ tð Þv λ,ϕ, zð ÞCrr λ,ϕ, zð Þ
þ cosϕ tð Þ cos α tð Þ sin α tð Þ∂v λ,ϕ, zð Þ
∂ϕ
Crr λ,ϕ, zð Þ
! cosϕ tð Þ cos α tð Þ sin α tð Þv λ,ϕ, zð ÞCr ∂r λ,ϕ, zð Þ∂ϕ
þ Vt cos α tð Þ sinϕ tð ÞCrr λ,ϕ, zð Þ þ Vt sin α tð ÞCr ∂r λ,ϕ, zð Þ∂λ
! ∂v λ,ϕ, zð Þ
∂λ
Crr λ,ϕ, zð Þ þ v λ,ϕ, zð ÞCr ∂r λ,ϕ, zð Þ∂λ
! sin α tð Þ cos α tð Þ∂u λ,ϕ, zð Þ
∂λ
Crr λ,ϕ, zð Þ
þ sin α tð Þ cos α tð Þu λ,ϕ, zð ÞCr ∂r λ,ϕ, zð Þ∂λ
þ cos 2α tð Þ sinϕ tð Þu λ,ϕ, zð ÞCrr λ,ϕ, zð Þ
þ cos 2α tð Þ cosϕ tð Þ∂u λ,ϕ, zð Þ
∂ϕ
Crr λ,ϕ, zð Þ
! Vt cosϕ tð Þ cos α tð ÞCr ∂r λ,ϕ, zð Þ∂ϕ
! cosϕ tð Þ cos 2α tð Þu λ,ϕ, zð ÞCr ∂r λ,ϕ, zð Þ∂ϕ
þ cos 2α tð Þ∂v λ,ϕ, zð Þ
∂λ
Crr λ,ϕ, zð Þ
! cos 2α tð Þv λ,ϕ, zð ÞCr ∂r λ,ϕ, zð Þ∂λ : ð24:7Þ
Solving Eqs. (24.1), (24.2), and (24.7) using the same integration and shooting 
methods described in Sect. 24.2.2 for the WOR leads to the LTAR. This LTAR 
requires information regarding the expected atmospheric turbulence, which is 
discussed in the next section. A full derivation of the analytic solution in 
Eq. (24.7) can also be found in previous studies (e.g., Sridhar et al. 2010; Hok 
et al. 2011; Kim et al. 2015), and LTAR examples will be shown in Fig. 24.4 in 
Sect. 24.3.
24.3 Example of Turbulence Application to ATM
To address the lack of turbulence information in WOR-based ATM applications, 
especially for the tactical and strategic plans, a predictive model of aviation-scale 
turbulence, such as the Graphical Turbulence Guidance (GTG) product (Sharman et 
al. 2006; Kim et al. 2011, 2015) in which an ensemble of turbulence diagnostics are 
computed, can be used to modify the ATM plans. From a meteorological 
perspective, small-scale turbulent eddies that directly affect commercial aircraft at 
cruising altitudes are generated by a number of possible sources. Well-known 
turbulence generation mechanisms near an upper-level jet/frontal system include 
strong vertical shears above and below a jet stream core, inertial instability due to 
anticyclonic shear and curvature flow, and the gravity wave emissions via geo-
strophic adjustment in the jet stream exit region (e.g., Lane et al. 2004; Kim and 
Chun 2010, 2011; Knox et al. 2008; Sharman et al. 2012). Mountain wave breaking 
frequently causes aviation turbulence over complex terrain (e.g., Lane et al. 2009; 
Sharman et al. 2011, 2012). Flow deformation, gravity wave breaking, and thermal-
shear instability near convective systems are also important sources for aviation 
turbulence (e.g., Lane et al. 2003, 2012; Lane and Sharman 2008, 2014; Kim and 
Chun 2012; Kim et al. 2014; Trier and Sharman 2009; Trier et al. 2010; Sharman et 
al. 2012). To take into account these turbulence generation mechanisms, as well as 
uncertainties in the NWP model forecasts, a combination of several turbulence 
metrics from different mechanisms and from different forecasts is essential and is 
more reliable than using a single diagnostic or simple rule-of-thumb predictor (e.g., 
Sharman et al. 2006; Kim et al. 2011; Gill 2014; Gill and Stirling 2013). Steiner et 
al. (2010) reviewed ensemble-based forecasting techniques for ATM and stated that 
ensemble forecasting can be applied to turbulence. They also pointed out that 
probabilistic forecasts are appropriate for strategic ATM planning, as they may 
provide guidance about the uncertainty associated with weather-related phenomena.
In this section, three time-lagged ensemble NWP forecasts are used to derive 
ensembles of ten turbulence diagnostics to provide probabilistic information about 
turbulence likelihood. In order to better predict the effects of convection, as well as 
provide better representation of mountain wave and clear-air turbulence sources, a 
high-resolution (3 km horizontal grid spacing) NWP model is implemented. Fur-
ther, each computed turbulence diagnostic is scaled to the energy dissipation rate
(EDR ¼ ε1/3 m2/3 s!1) as an aircraft-independent atmospheric turbulence metric 
(e.g., Cornman et al. 1995; Sharman et al. 2014). EDR is defined as the rate of the 
turbulent kinetic energy (TKE) transfer from large-scale to small-scale eddies. 
Large-scale atmospheric eddies can cascade down to smaller-scale eddies until the 
viscous dissipation becomes dominant and the TKE is converted to heat. The 
model-derived EDR metric is consistent with in situ EDR estimates currently 
available from several fleets of commercial airliners including B767s, B757s, and 
B737s (Cornman et al. 1995; Sharman et al. 2014), which is convenient for forecast 
verification. The in situ EDR metric can be related to traditional turbulence 
intensity based on pilot-reported categories of “light (LGT),” “moderate (MOD),” 
and “severe (SEV)” by appropriate consideration of aircraft type and flight condi-
tions (Sharman et al. 2014). For reasons discussed in Sharman et al. (2014), EDR is 
the preferred atmospheric turbulence unit for aviation-scale observations and fore-
casts. For a given valid time, a three-dimensional probabilistic ensemble for severe-
or-greater (SOG)-level turbulence areas is calculated by counting how many EDR-
scaled individual turbulence diagnostics out of the total 30 diagnostics have
EDR values )0.47 m2/3 s!1 at each grid point in the model, as shown in Figs. 24.3 
and 24.4. Here, the turbulence diagnostics selected are the top 10 diagnostics listed
in the operational GTG product for upper levels (e.g., Sharman et al. 2006), and the 
EDR threshold for SOG level is adapted from the median value of in situ 
EDR-severe PIREP pairs for longer period over the CONUS (Sharman et al. 2014).
An example eastbound WOR calculated using Eqs. (24.1), (24.2), and (24.5),
i.e., including winds but without considering turbulence effects, from Los Angeles 
International Airport (LAX) to John F. Kennedy International Airport (JFK) is 
plotted over contours of the probabilistic ensemble EDR for SOG at 35,000 ft 
(FL350; about 200 hPa level) in Fig. 24.3 (bold black line in upper panel). The 
probabilistic ensemble EDR uses 3.5–5.5 h forecasts valid at 1730 UTC 7 
September 2012. The corresponding vertical cross section is shown in the lower 
panel (Fig. 24.3). In this case, a flight cruising at FL350 along the WOR would take 
238 min (3 h 58 min), which is 2 min less than the elapsed time along the GCR with 
wind using Eqs. (24.1–24.3) (gray line in Fig. 24.3 upper panel). In Fig. 24.3,
however, the WOR would experience a total of 52 min flying in areas with )10 %
probability of encountering SOG-level turbulence over northern Indiana, Ohio, and
western Pennsylvania. In the vertical cross section along this WOR (Fig. 24.3 lower 
panel), the 10 % SOG-level turbulence areas (dark gray) appear to block all 
possible flight levels from FL260 to FL450 over these regions. This indicates that 
lateral avoidance turbulence routes (LTARs) would be better suited to avoid 
turbulence than vertical changes of the flight level in this case.
To demonstrate quantitatively the effects of lateral turbulence avoidance on the
WOR routes, we use a probabilistic ensemble EDR ) 10 % probability of encoun-
tering SOG-level turbulence for the calculation of the LTAR using Eqs. (24.1),
(24.2), and (24.7), where Ct and Cr ¼ 1 and Δt ¼ 60 s (1 min). The choice of the 10 
% SOG probability threshold is arbitrary. But, this is selected because in the
aviation community avoiding SOG turbulence is regarded as a hard constraint that
should be avoided for safety, while any lower thresholds are a soft constraint that
Fig. 24.3 (Upper) Probabilistic ensemble forecast for severe-level turbulence (3 %, light gray; 
10 %, dark gray; and 30 %, black shadings) with horizontal wind vectors and eastbound wind-
optimal route (WOR, bold black line) and great circle route with winds (GCR, gray line) at a flight 
level of 35,000 ft from the Los Angeles International Airport (LAX) to John F. Kennedy Interna-
tional Airport (JFK) using 3.5–5.5 h forecasts valid at 1730 UTC, 9 September 2010, and (lower) 
the corresponding vertical (X-Z) cross sections of the severe-level probabilistic turbulence forecast 
along the WOR. In the upper panel, reference wind vector on the bottom right is 30 m s!1, and 
locations of departure (LAX) and arrival (JFK) are also depicted as dots
aircraft may penetrate by employing the fasten seatbelt sign. In addition, consider-
ing that the background (natural) probability for the SOG-level turbulence encoun-
ters in upper troposphere and lower stratosphere (UTLS) is less than 0.1 %
(Sharman et al. 2006, 2014), the forecasted 10 % SOG-level turbulence probability 
(dark gray shading in Fig. 24.3) is a significantly higher value than the background 
SOG-level turbulence potential in UTLS.
The LTAR can be initiated at departure as a strategic plan; however, it would be 
preferable to delay such a maneuver until closer to the forecasted turbulence 
constraint, because the maneuver decision needs to consider several factors like 
confidence of the weather forecast in the tactical plan. Therefore, first, in Fig. 24.4 
(upper panel), the LTAR trajectory for the 10 % SOG-level turbulence potential 
using 3.5–5.5 h forecasts initiated from the departure (LAX) is depicted as a red 
line. The LTAR (red line) takes a total of 254 min flying time and used 6.7 % extra 
time to entirely avoid the forecasted 10 % SOG-level turbulence areas. From the 
strategic point of view, this means laterally detouring around these potential areas 
of the turbulence from the departure airport (LAX), an aircraft would incur 16 min 
(6.7 %) more travel time to fly to its destination (JFK) (LTAR 1 in Table 24.1). 
However, two other alternative LTARs were initiated 1.5 h (middle) and 2.5 h 
(lower) after departing LAX along the WOR (blue lines) with more recently 
updated forecast data, which is useful for the tactical plan. An aircraft that follows 
the LTAR 1.5 h after departing LAX (in Fig. 24.4 middle) has a total flying time of 
244 min, which saves 10 min more than that if it were to follow the LTAR initiated 
from LAX (red line in Fig. 24.4 upper). Delaying the horizontal maneuver would 
result in a savings of 10 min if the maneuver were delayed 1.5 h after leaving LAX 
(LTAR 2 in Table 24.1). Here, the 10 min time savings can be very significant 
because this reduction roughly equates to about 160 km less flying distance and 
about 760 kg of fuel savings, which is a benefit for commercial airline operations. 
However, if an aircraft follows an LTAR 2.5 h after departing LAX, when it is 
closer to more recently forecasted turbulence regions (in Fig. 24.4 lower and LTAR 
3 in Table 24.1), it takes a total of 256 min of flying time. This is 2 min longer than 
the LTAR initiated from the departure (red line in Fig. 24.4 upper). Therefore, in 
this case, the most efficient LTAR is the one that begins its lateral detour 1.5 h after 
the departure (in Fig. 24.4 middle and LTAR 2 in Table 24.1). This takes 244 min 
from LAX to JFK in a given weather condition, avoiding entirely all areas of SOG 
probability >10 %. It is noted that the example of LTARs shown in Fig. 24.4 may 
not be the most efficient maneuver, because there are several other ways to avoid 
the potential constraints of turbulence, such as tactical change of flight altitude and 
route just ahead of turbulence areas.
24.4 Long-Term Variations of the Aircraft Trajectories
and Turbulence Potentials
For the long-haul ATM flight plans like trans-oceanic flights, modeling of aircraft
trajectories with winds may rely upon the prevailing jet stream position and
strength. And the turbulence potential along these trajectories also highly depends
Fig. 24.4 (Upper) Probabilistic ensemble forecast for severe-level turbulence (3 %, green; 10 %, 
orange; and 30 %, red shadings) with horizontal wind vectors and eastbound wind-optimal route 
(WOR, blue line) and lateral turbulence avoidance route (LTAR, red line) at a flight level of 
35,000 ft from the Los Angeles International Airport (LAX) to John F. Kennedy International 
Airport (JFK) using 3.5–5.5 h forecasts valid at 1730 UTC, 9 September 2010. Middle and lower
upon these weather conditions, because local gradients of meteorological variables 
like horizontal and vertical wind and temperature are generally large within the jet 
stream (e.g., Jaeger and Sprenger 2007; Williams and Joshi 2013; Kim et al. 2016). 
In addition, minimizing a head wind in the trajectory modeling can also deviate an 
aircraft toward the regions like Greenland where mountain waves and associated 
turbulence are common (e.g., Lane et al. 2009; Sharman et al. 2011). These create a 
challenge in deciding to maneuver a long-haul aircraft in the hopes of improving 
safety that may result in higher fuel use. Therefore, variations of the trans-oceanic 
trajectories and turbulence potentials along these routes are necessary for clustering 
the large-scale weather patterns responsible for the desired long-term flight route 
planning.
In this section, variations of the GCRs with winds and WORs and their turbu-
lence potentials between the JFK and LHR are investigated during two distinct 
winter seasons [December 2004–February 2005 (DJF04-05) and December 2009–
February 2010 (DJF09-10)]. The two seasons are selected because of distinct 
differences in the prevailing westerly flow and jet stream over the Northern Atlantic 
Ocean. For example, in Fig. 24.5 (upper left), the period of DJF04-05 was in an 
extremely positive phase of the Northern Atlantic Oscillation (+NAO; Barnston and 
Livezey 1987). Here the prevailing westerly winds embedded in the jet stream over 
the Northern Atlantic Ocean were anomalously strong and directed toward the UK 
and Northwestern Europe, as shown by the thick and long white arrow. This was 
due to enhanced meridional pressure gradients between the anomalous high-
pressure system in the Central Atlantic Ocean and the anomalous low pressure 
system in Southern Greenland causing strong zonal winds via the geostrophic 
balance (e.g., Irvine et al. 2013). On the other hand, during DJF09-10 (Fig. 24.5 
upper right), the prevailing westerly flow and jet stream are weak and directed 
toward Southern Europe and the Mediterranean Sea, as shown by the thin and 
narrow white arrow, due to the weak low- and high-pressure systems over the 
Atlantic Ocean (negative phase of the NAO).
Figure 24.5a–d (middle and lower panels) show the variability of the eastbound 
(light green lines) and westbound (dark green lines) GCRs and the eastbound (blue 
lines) and westbound (red lines) WORs during DJF 04-05 (left) and DJF 09-10 
(right). For these plots, modeling of the GCRs with winds and WORs are calculated
by Eqs. (24.1–24.3) and (24.5) at 250 hPa level with Vt ¼ 250 m s!1 and Δt ¼ 180 s 
from the JFK (LHR) to LHR (JFK) using 6-h Modern Era Retrospective Analysis
for Research and Application (MERRA) reanalysis data with 1/2( and 2/3( hori-
zontal grid spacing. The eastbound and westbound trajectories are launched at 0000 
(1800) UTC each day during these periods (e.g., Irvine et al. 2013).
Fig. 24.4 (continued) panels are the same as upper panel except for the LTARs (green lines)
initiated after 1.5 h (middle) and 2.5 h (lower) departing from LAX along the WOR (blue lines)
between LAX to JFK with winds using 2.5–4.5 h forecasts (middle) and using 1.5–3.5 h forecasts
(lower) valid at 1730 UTC, 9 September 2010
Table 24.1 Minutes of the total travel time (left column), additional flight time along the LTAR
compared to wind-optimal route (middle column), and flight time in areas of SOG probability
>10 % along the LTARs from the Los Angeles International Airport (LAX) to John F. Kennedy
International Airport (JFK)
Types of the
flight routes
Flight time (min)
Total flight from
LAX to JFK
Additional time
compared to WOR
Flight time in areas of
SOG >10 %
WOR 238 0 52
LTAR1 254 16 0
LTAR2 244 6 0
LTAR3 256 18 0
Geographical paths of the LTAR1, LTAR2, and LTAR3 are shown as red line in Fig. 24.4 (upper), 
green line in Fig. 24.4 (middle), and green line in Fig. 24.4 (lower), respectively
Boldface highlights the best LTAR in this case
In Fig. 24.5a, b (middle panel), variability of the GCREBs and GCRWBs is not 
clearly different from each season, because the heading angle of the GCR trajectory
defined by Eq. (24.3) always tries to follow the great circle line between JFK and 
LHR regardless of the background wind pattern. On the other hand, in Fig. 24.5c, d
(lower panel), overall features of the WOREBs (blue lines) and WORWBs (red 
lines) are obviously different between the two designated winter seasons. The 
WOREBs (blue lines) from JFK to LHR usually follow the prevailing westerly 
jet stream to maximize tail winds, reducing total travel time and fuel consumptions.
In particular, the WOREBs (blue lines) are direct to Northern Europe following the 
dominant jet stream in +NAO phase during DJF04-05 (Fig. 24.5c), while the 
aircraft trajectories deviate southward toward the Southern Europe and Mediterra-
nean Sea, following the dominant jet stream, in !NAO phase during DJF09-10 
(Fig. 24.5d).
The westbound flights (WORWBs—red lines) from LHR to JFK, however, try to 
avoid the prevailing westerly jet stream to minimize head winds. In +NAO phase 
during DJF04-05 (Fig. 24.5c), the trajectories deviate southward and/or northward
to avoid the strong westerly and southwesterly jet stream dominating along the 
great circle line between the JFK and LHR, so that the envelope of the WORWBs
becomes widely spread. However, in the !NAO phase during DJF09-10, in the 
absence of a strong westerly jet stream, the trajectories mostly follow along the
great circle line (i.e., shortest line) between the JFK and LHR, with the exception of
some northward deviations (Fig. 24.5d).
Figure 24.6 shows the bar charts of the mean, *2 standard deviations, and 
maximum and minimum values of the flight times for the GCREB, GCRWB,
WOREB, and WORWB trajectories during the DJF04-05 (left) and 
DJF09-10
(right). There are several features in this plot. First, eastbound trajectories are 
faster than westbound trajectories, as expected from Fig. 24.5. Second, WORs 
are faster
than the GCRs with winds in both westbound and eastbound trajectories, which is 
also somewhat expected from their definitions. Third, eastbound trajectories are 
faster
in +NAO phase during DJF04-05 than those in !NAO phase during 
DJF09-10,
jung-hoon.kim@noaa.gov
Fig. 24.5 (Upper) Schematic features of the prevailing westerly jet position and strength (source 
from http://www.ldeo.columbia.edu/NAO), (middle) variations of the eastbound (light green 
lines) and westbound (dark green lines) great circle routes with winds, and (lower) variations of
the eastbound (blue lines) and westbound (red lines) wind-optimal routes at 250 hPa between the 
John F. Kennedy International Airport at New York, USA (JFK), and London Heathrow Interna-
tional
December
Airport at
2004–February
London, UK
2005
(LHR),
(DJF04-05)
during (left
and
) 
(
+North
right)
Atlantic
NAO phase
Oscillation
on 
(þ
December
NAO) phase
2009–
on
! 
February 2010 (DJF09-10). Note that the light green lines in (a) and (b) and blue lines in (c) are
mostly overlapped with dark green lines and red lines, respectively
Fig. 24.6 Bar charts of the mean, mean * 2 stds, and minimum and maximum values of the travel 
times along the eastbound (GCREB) and westbound (GCRWB) great circle routes with winds and
the eastbound (WOREB) and westbound (WORWB) wind-optimal routes between the John
F. Kennedy International Airport at New York, USA (JFK), and London Heathrow International
Airport at London, UK (LHR), are shown in Fig. 24.5, during the (left) +North Atlantic Oscillation
(+NAO) phase on December 2004–February 2005 (DJF04-05) and (right) !NAO phase on 
December 2009–February 2010 (DJF09-10)
Fig. 24.7 Shadings of turbulence index 1 (TI1; s!2) and horizontal wind vectors with the eastbound 
(light green) and westbound (dark green) great circle routes and eastbound (blue) and westbound (red) 
wind-optimal routes at 250 hPa level between the John F. Kennedy International Airport at New York, 
USA (JFK), and London Heathrow International Airport at London, UK (LHR), on 1800 UTC,
3 January 2005. The reference wind vector on the bottom right is 50 m s!1
because the prevailing westerly jet stream is faster in +NAO phase over the North
Atlantic Ocean. On the other hand, westbound trajectories are faster in !NAO phase 
than in +NAO phase, because the westerly winds are stronger in +NAO period.
Table 24.2 Relative probability of turbulence encountering time divided by the total flight time in
great circle route with winds for eastbound (GCREBs) and westbound (GCRWBs) and wind-
optimal route for eastbound (WOREBs) and westbound (WORWBs) during the December,
January, and February 2004 and 2005 [+North Atlantic Oscillation (NAO) phase] and 2009 and
2010 (–NAO phase)
MOG time/total travel time (%)
DJF 04-05 (+NAO) DJF 09-10 (!NAO)
GCRs (%) WORs (%) GCRs (%) WORs (%)
Eastbound (EB) 5.6 5.7 4.5 5.1
Westbound (WB) 5.4 4.1 4.3 4.1
Based on the aforementioned variability of the aircraft trajectories in each 
season, the variability of turbulence potential along these trajectories can be 
investigated. Figure 24.7 shows the snapshot for the turbulence potential for the 
moderate-or-greater (MOG) intensity (orange color) estimated by the turbulence 
index (TI) by Ellrod and Knapp (1992) at 250 hPa at 1800 UTC, 3 January 2005. 
Here, the threshold of the TI diagnostic for the MOG level is adapted from the 
operational GTG (Sharman et al. 2006). In this period of time, if an aircraft 
followed the WORWB, it would have encountered less MOG-level turbulence, 
because it deviates northward to avoid the prevailing westerly and southwesterly 
flows. The relative probability of encountering MOG-level turbulence along the 
trajectories is summarized in Table 24.2. For the GCRs, eastbound and westbound 
have similar
probability in both +NAO and !NAO phases, because the aircraft fly near the great 
circle route independent of the wind patterns (as shown in Fig. 24.5 middle panel).
However, the GCRs in +NAO phase have a higher probability of encountering
turbulence due to the stronger westerly jet stream than those in !NAO. For the 
WORs, eastbound trajectories following the jet stream have a higher turbulence
probability than westbound in both the +NAO and !NAO phases. The WOREBs in 
the +NAO phase have the highest turbulence probability.
24.5 Summary and Conclusions
In this chapter, the application of turbulence information for tactical, strategic, and 
long-term ATM flight planning was investigated. First, simplified aircraft trajectory 
models were derived by applying the minimal principal theory to the control 
parameter of aircraft heading angle in the presence of winds. Second, tactical and 
strategic aircraft trajectories using the WOR and three LTAR applications for given 
weather and turbulence conditions over the CONUS showed the utility of this 
forecast product for route planning applications. The turbulence information was 
based on the probability of severe turbulence for relatively large aircraft as an 
ensemble of several EDR-scale turbulence diagnostics at different forecast lead 
times. Since the potential turbulence areas along the WOR were vertically deep, 
deviating laterally around the turbulence areas was the best option to avoid
turbulence for this case. As a result, delaying calculation of the turbulence avoid-
ance maneuver by 1.5 h from departure is a solution that saves 10-min travel time
compared to determining the avoidance strategy initially at departure in this case.
Third, the variability of aircraft trajectories and turbulence potentials was investi-
gated during two winter seasons over the Atlantic Ocean with distinctly different
upper-level flow patterns, illustrating the usefulness of this technique for making
decisions regarding long-term flight plans over the Ocean. Depending on the upper-
level winds, the modeled aircraft trajectories had markedly different flight times.
eastbound trajectories were faster than westbound ones due to the dominant west-
erly flow in Northern hemisphere. In addition, flights in +NAO phase were faster,
but had a higher probability of encountering turbulence than those in !NAO phase
over the North Atlantic Ocean, because prevailing westerly flows and vertical and
horizontal wind shears near the jet stream are stronger in +NAO phase than in the
!NAO phase.
Future work will use different thresholds instead of the 10 % SOG probability to
explore the trade-offs between flight time and fuel consumption used in penetrating
certain portions of a turbulence area. In addition, when the fuel consumption model
is included in the cost function of Eq. (24.4 or 24.6), the current two-dimensional
lateral turbulence avoidance route (LTAR) can be extended to three-dimensional
maneuvers that minimize both the fuel consumption and potential of encountering
turbulence during the total flight time. The strategic avoidance methodology
suggested for turbulence herein can be also applied to other types of weather
constraints such as deep convection, icing, volcano ash, wind gust, and the potential
for contrail formation. Reducing the run-time would make the new method useful
for tactical decisions such as near-term routing around convective weather as well.
This can be accomplished by using data from a nowcast version of the GTG or
output from a faster-running numerical model.
References
Barnston, A.G., Livezey, R.E.: Classification, seasonality and persistence of low-frequency
atmospheric circulation patterns. Mon. Weather Rev. 115, 1083–1126 (1987)
Bryson, A.E., Ho, Y.C.: Applied Optimal Control. Taylor and Francis, Levittown, PA (1975) 
Cornman, L.B., Morse, C.S., Cunning, G.: Real-time estimation of atmospheric turbulence
severity from in-situ aircraft measurements. J. Aircraft 32, 171–177 (1995)
DeLaura, R., Evans, J.: An exploratory study of modeling en route pilot convective storm flight
deviation behavior. Preprints, 12th Conference on Aviation, Range, and Aerospace Meteorol-
ogy, Atlanta, GA. Am. Meteorol. Soc. (2006)
Ellrod, G.P., Knapp, D.I.: An objective clear-air turbulence forecasting technique: verification and
operational use. Weather Forecast 7, 150–165 (1992)
Gill, P.G.: Objective verification of World Area Forecast Centre clear air turbulence forecasts.
Meteorol. Appl. 21, 3–11 (2014). doi:10.1002/met.1288
Gill, P.G., Stirling, A.J.: Including convection in global turbulence forecasts. Meteorol. Appl. 20,
107–114 (2013). doi:10.1002/met.1315
Hok, H.K., Sridhar, B, Grabbe, S. Chen, N.: Cross-polar aircraft trajectory optimization and the
potential climate impact. 30th Digital Avionics Systems Conf. (DASC), Seattle, WA, Institute
of Electrical and Electronics Engineers, p 15. [Available online at http://www.aviationsys-
temsdivision.arc.nasa.gov/ publications/2011/DASC2011_Ng.pdf.] (2011)
Irvine, E.A., Hoskins, B.J., Shine, K.P., Lunnon, R.W., Froemming, C.: Characterizing North
Atlantic weather patterns for climate-optimal aircraft routing. Meteorol. Appl. 20, 80–93 
(2013). doi:10.1002/met.1291
Jaeger, E.B., Sprenger, M.: A northern-hemispheric climatology of indices for clear air turbulence
in the tropopause region derived from ERA40 re-analysis data. J. Geophys. Res. 112, D20106 
(2007). doi:10.1029/2006JD008189
Jardin, M., Bryson, A.: Methods for computing minimum-time paths in strong winds. J. Aircraft 35
(1), 165–171 (2012)
Kim, J.-H., Chun, H.-Y.: A numerical study of clear-air turbulence (CAT) encounters over South
Korea on 2 April 2007. J. Appl. Meteorol. Climatol. 49(12), 2381–2403 (2010)
Kim, J.-H., Chun, H.-Y.: Statistics and possible sources of aviation turbulence over South Korea.
J. Appl. Meteorol. Climatol. 50(2), 311–324 (2011)
Kim, J.-H., Chun, H.-Y.: A numerical simulation of convectively induced turbulence above deep
convection. J. Appl. Meteorol. Climatol. 51, 1180–1200 (2012)
Kim, J.-H., Chun, H.-Y., Sharman, R.D., Keller, T.L.: Evaluations of upper-level turbulence
diagnostics performance using the graphical turbulence guidance (GTG) system and pilot
reports (PIREPs) over East Asia. J. Appl. Meteorol. Climatol. 50, 1936–1951 (2011)
Kim, J.H., Chun, H.-Y., Sharman, R.D., Trier, S.B.: The role of vertical shear on aviation
turbulence within cirrus bands of a simulated western Pacific cyclone. Mon. Weather Rev. 
142(8), (2014). doi:10.1175/MWR-D-14-00008.1
Kim, J.-H., Chan, W.N., Banavar, S., Sharman, R.D.: Combined winds and turbulence prediction
system for automated Air-Traffic Management applications. J. Appl. Meteorol. Climatol. 54,
766–784 (2015)
Kim, J.-H., Chan, W.N., Banavar, S., Sharman, R.D., Williams, P.D., Strahan, M.: Impact of the
north atlantic oscillation on transatlantic flight routes and clear-air turbulence. J. Appl.
Meteorol. Climatol. 55, 763–771 (2016)
Knox, J.A., McCann, D.W., Williams, P.D.: Application of the Lighthill–Ford theory of sponta-
neous imbalance to clear-air turbulence forecasting. J. Atmos. Sci. 65, 3292–3304 (2008) Krozel, 
J., Klimenko, V., Sharman, R.D.: Analysis of clear-air turbulence avoidance maneuvers.
Air Traffic Control Quart. 4(2), 147–168 (2011)
Lane, T.P., Sharman, R.D.: Some influences of background flow conditions on the generation of
turbulence due to gravity wave breaking above deep convection. J. Appl. Meteorol. Climatol. 
47, 2777–2796 (2008)
Lane, T.P., Sharman, R.D.: Intensity of thunderstorm-generated turbulence revealed by large-eddy
simulation. Geophys. Res. Lett. 41, 2221–2227 (2014). doi:10.1002/2014GL059299
Lane, T.P., Sharman, R.D., Clark, T.L., Hsu, H.-M.: An investigation of turbulence generation
mechanisms above deep convection. J. Atmos. Sci. 60(10), 1297–1321 (2003)
Lane, T.P., Doyle, J.D., Plougonven, R., Shapiro, M.A., Sharman, R.D.: Observations and
numerical simulations of inertia-gravity waves and shearing instabilities in the vicinity of a 
jet stream. J. Atmos. Sci. 61(22), 2692–2706 (2004)
Lane, T.P., Doyle, J.D., Sharman, R.D., Shapiro, M.A., Watson, C.D.: Statistics and dynamics of
aircraft encounters of turbulence over Greenland. Mon. Weather Rev. 137, 2687–2702 (2009) 
Lane, T.P., Sharman, R.D., Trier, S.B., Fovell, R.G., Williams, J.K.: Recent advances in the
understanding of near-cloud turbulence. Bull. Am. Meteorol. Soc. 93, 499–515 (2012). doi:10. 
1175/BAMS-D-11-00062.1
Lester, P.F.: Turbulence: A New Perspective for Pilots. Jeppesen Sanderson, Englewood, CO
(1994)
McNally, D., Sheth, K., Gong, C., Love, J., Lee, C.H., Sahlman, S., Cheng, J.: Dynamic weather
routes: a weather avoidance system for near-term trajectory-based operations. 28th Interna-
tional Congress of the Aeronautical Sciences (ICAS), Brisbane, Australia (2012)
Ng, H.K., Grabbe, S., Mukherjee, A.: Design and evaluation of a dynamic programming flight
routing algorithm using the Convective Weather Avoidance Model. AIAA-2009-5862, AIAA
Guidance, Navigation, and Control Conference, Chicago, IL (2009)
Ng, H.K., Sridhar, B., Grabbe, S., Chen, N.: Cross-polar aircraft trajectory optimization and the
potential climate impact. 30th Digital Avionics Systems Conference (DASC), Seattle, WA
(2011)
Ng, H.K., Sridhar, B., Grabbe, S., Chen, N.: A practical approach for optimizing aircraft trajec-
tories in winds. 31st Digital Avionics Systems Conference, Institute of Electrical and Elec-
tronics Engineers, Williamsburg, VA (2012)
Palopo, K., Windhorst, R.D., Suharwardy, S., Lee, H.-T.: Wind optimal routing in the National
Airspace System. J. Aircraft 47(5), 1584–1592 (2010)
Sharman, R.D., Tebaldi, C., Wiener, G., Wolff, J.: An integrated approach to mid- and upper-level
turbulence forecasting. Weather Forecast 21(3), 268–287 (2006)
Sharman, R.D., Doyle, J.D., Shapiro, M.A.: An investigation of a commercial aircraft encounter
with severe clear-air turbulence over western Greenland. J. Appl. Meteorol. Climatol. 51,
42–53 (2011)
Sharman, R.D., Trier, S.B., Lane, T.P., Doyle, J.D.: Sources and dynamics of turbulence in the
upper troposphere and lower stratosphere: a review. Geophys. Res. Lett. 39, L12803 (2012). 
doi:10.1029/2012GL051996
Sharman, R.D., Cornman, L.B., Meymaris, G., Pearson, J., Farrar, T.: Description and derived 
climatologies of automated in situ eddy dissipation rate reports of atmospheric turbulence.
J. Appl. Meteorol. Climatol. 53(6), 1416–1432 (2014). doi:10.1175/JAMC-D-13-0329.1 Sridhar, 
B., Ng, H.K., Chen, N.Y.: Aircraft trajectory optimization and contrails avoidance in the
presence of winds. 10th AIAA Aviation Technology, Integration, and Operations (ATIO) 
Conference, Fort Worth, TX (2010)
Steiner, M., Bateman, R., Megenhardt, D., Liu, Y., Pocernich, M., Krozel, J.: Translation of
ensemble weather forecasts into probabilistic air traffic capacity impact. Air Traffic Control
Quart. 18(3), 229–254 (2010)
Trier, S.B., Sharman, R.D.: Convection-permitting simulations of the environment supporting
widespread turbulence within the upper-level outflow of a Mesoscale Convective System.
Mon. Weather Rev. 137(6), 1972–1990 (2009)
Trier, S.B., Sharman, R.D., Fovell, R.G., Frehlich, R.G.: Numerical simulation of radial cloud
bands within the upper-level outflow of an observed mesoscale convective system. J. Atmos.
Sci. 67(9), 2990–2999 (2010)
Williams, P.D., Joshi, M.M.: Intensification of winter transatlantic aviation turbulence in response 
to climate change. Nat. Climate Change 3(7), 644–648 (2013). doi:10.1038/nclimate1866
